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Abstract
Pairwise F-tests provided an efficient approach for aggregating large numbers of species into a manageable
number of groups for developing diameter increment functions. The first stage of the two-stage procedure
identified the number of groups required and the species defining these groups; the second stage aggregated
all remaining species into the most appropriate group. Although there is no guarantee that this leads to an
optimal solution, empirical results suggest that the outcome is near optimal. This is approach is readily
automated and computationally efficient.
An analysis of diameter increments of 237 species from the rainforests of north Queensland indicated 41
species groups, each with increment functions significantly different at p<0.01.
- 48 -
Introduction
Tropical rainforests are characterized by large numbers of tree species with diverse growth habits.
Although some of these species are widely distributed, others occur infrequently and data from which to
develop growth models may be sparse. The rainforests of north Queensland are no exception. Of the four
hundred tree species recognised on a series of permanent sample plots, the most common fiv e percent of
tree species contribute fifty percent of the available growth data, while the least frequent fifty percent of
species contribute a mere fiv e percent of the data.
It is impractical to develop growth functions for each individual tree species, because of the large number
of functions that would be required, and the paucity of data for many species inhibits the development of
reliable relationships. Thus it is desirable to aggregate species into several groups, to reduce the number of
functions required to a more manageable number, and to avoid the requirement for specific equations for
species with few data. The present study seeks to develop an objective and automatic procedure to form
groups of similar growth habits, without imposing any limit on the number of groups.
Data
An on-going research program (Queensland Department of Forestry 1983) in the tropical rainforests of
north-east Queensland has provided a database comprising 250 permanent sample plots with a
measurement history of up to forty years. Permanent sample plots range in size from 0.04 to 0.5 hectares,
and have been frequently re-measured. All trees exceeding 10 cm dbh (diameter over bark at breast height
(1.3 m) or above buttressing) were uniquely identified and tagged, and were regularly measured for
diameter (to nearest millimetre) using a girth tape. Any trees exhibiting defects or bulges at or near the
measurement height were noted and so identified on computer. Such trees have not been used in
calculating diameter increments, and have only been used in calculating stand basal areas.
Pairs of remeasurements were selected from the database to attain intervals between re-measurements of
approximately fiv e years, which did not span any logging or silvicultural activity. A data file was created
for input to the statistical package GLIM (Payne 1986), and contained 62 372 observations of diameter
increment derived from 28 123 individual trees of 237 different ‘‘species’’ (as defined by their common
names). The file also contained records of tree species and dbh, and stand variables such as site quality,
stand basal area and soil type. Site quality for each plot was estimated using Vanclay’s (1989) equation 13,
and any plots for which the estimated site quality exceeded the range 0−10, or for which the variance of the
estimated site quality exceeded 2 were rejected, and omitted from the analysis. Valid estimates of site
quality were obtained for 212 plots, which provided the present database.
Method
Although the data comprise repeated re-measurements, the present analyses employed ordinary least
squares (OLS) rather than generalized least squares (Ferguson and Leech 1978, 1981, West et al 1984).
OLS offers computational efficiencies, and enables analysis of species restricted to a few plots. The use of
OLS should be satisfactory, as for most species, the number of trees was large compared to the number of
re-measurements on the same individual, and the regression analysis employed a growth rather than a yield
function, regressing increment on initial size and avoiding the use of age. However, to avoid inflated
estimates of significance, statistical probabilities were computed using degrees of freedom derived from the
actual number of trees, rather than from the number of re-measurements.
Vanclay (1989) presented a diameter increment function which stabilizes variance, provides a good fit, and
can be easily fitted using linear regression:
(1)Log(DI + α ) = β1 + β2 × D + β3 × Log(D) + β4 × Log(D) × SQ + β5 × Log(BA) + β6 × OBA
where DI is diameter increment (cm/ann), D is dbh (cm), SQ is site quality (Vanclay 1989), BA is stand
basal area (m2/ha) of trees exceeding 10 cm dbh, OBA is overtopping basal area (m2/ha), defined as the
basal area of stems whose diameter exceeds that of the subject tree, and α , β i are parameters to be
estimated.
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Parameter α should be positive, so that zero increments and small decrements can be included in the
analysis. Failure to accommodate these observations may lead to overestimates of diameter increment and
timber yields. Vanclay (1989), investigating the growth of several species, found that α = 0. 02 provided
both a good fit and a good distribution of residuals, and this convention has been extended to the present
study.
It is also logical to expect that the parameters β2, β5 and β6 should be negative (or zero), and that β4
should be positive. Parameter estimates were examined, and if otherwise, were removed from the
regression. This occurred only for those species with few data, and the offending parameter estimates were
not significant. Parameters with the appropriate sign were accepted, even if non-significant. The equation
was fitted independently to each species, and the residuals were examined and found to be well distributed
and free of outliers in every case. However, comparison between species revealed significant heterogeneity
of variance for species with fewer observations, which introduced difficulties in comparing and aggregating
species.
An obvious approach to aggregating species is to use pairwise F-tests, but the outcome of this approach
depends to some extent, upon the order in which comparisons are made. To ensure repeatable results, all
possible pairs could be compared, and aggregation commence with the most similar pair. Unfortunately,
these will be those species with the fewest data, heterogeneous variance and poor parameter estimates, and
thus do not provide a strong basis for comparison. Empirical trials with this approach led to several
apparently anomalous groupings, including at least one group comprising a disproportionate number of
species.
Leech et al (1988) considered an alternative approach for aggregating species for developing polynomial
volume equations using Hotelling’s T 2 and principal coordinate analysis. Their approach is not a panacea,
as they caution that their approach should only be used where the order of the polynomial and the sign of
the highest order term are the same. The data in the present study appear unsuited to this approach, as
many of the species have few data or few sites, and not all of the parameters β i can be estimated for each
species (i.e. some parameters may be aliased for some species).
The present data exhibited homogeneous variance for those species with the most data, and increasing
heterogeneity as the numbers of observations decreased. This characteristic suggested an alternative
approach entailing pairwise comparisons between those species for which the prediction equation could be
reliably estimated. Species were ranked by decreasing number of remeasurements, and the ‘‘founding’’
species of the first group was the species of highest rank (greatest number of observations). Species of
lower rank were considered in turn, and pairwise comparisons made with with all existing groups. If this
incoming species was significantly (p<0.01) different from all existing groups, it became the founding
species of a new group; otherwise it was aggregated with the most similar group.
Similarity was determined by comparing the residual sum of squares from fitting equation (1) to the
existing group and the incoming species independently, with that obtained from the pooled data. Three
criteria were considered:
— the change in the residual sum of squares,
— the F-statistic, and
— the probability of the F-statistic.
These criteria were examined both with parameters derived from all species currently assigned to the group,
and with only with the founding species of each group. Characteristics of the resulting groupings are
summarized in Table 1. Three statistics are provided as a guide to the nature of the grouping. While the r2
statistic is useful in indicating the relative size of the residuals, it does not provide a critical test for the
relevance of the aggregation, especially where the amount of data for each group differs greatly. The
simple strategy of assigning the 40 species of highest rank to a monospecific group, and aggregating all
remaining species into a single group produces an r2 of 0.445 (Table 1). Thus r2 should not be used as the
only test of aggregation; the maximum number of species in any group, and the minimum number of
observations in any group should also be considered.
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TABLE 1. Comparison of Species Groupings — Stage 1
Similarity Number Maximum Minimum
Criterion of Species in Observations r2
Groups any Group in any Group
All species in group
Change in RSS 43 13 26 .499
F-statistic 44 13 13 .489
Probability 44 15 81 .476
Founding Species only
Change in RSS 41 14 16 .496
F-statistic 41 14 13 .484
Probability 41 32 182 .476
For comparison
Ungrouped 237 1 1 .507
40 monospecific groups 41 197 394 .445
One group 1 237 62372 .327
The six strategies examined produced relatively similar results, with differences generally confined to
species with fewer data. However, if similarity is determined by the F-statistic, the approaches using all the
species within any group may be biassed, as the between species variance will be incorporated into an
inflated estimate of the group variance, and may lead to the inappropriate formation of few all-
encompassing groups comprising the majority of the species. This bias may be reduced by the use of
probability rather than the F-statistic as the test criterion, as the pooled data contributes additional degrees
of freedom. However, empirical trials suggest that probability leads to a sub-optimal grouping (Table 1).
Comparisons based only on the founding species of each group produced slightly fewer groups. This
approach is preferred on theoretical grounds, as it is free of any bias due to between species variation. Of
the three similarity criteria, the smallest change in the residual sum of squares led to the preferred grouping.
However, all six approaches examined gav e rise to several apparently illogical groupings.
These anomalous groupings may be attributed in part to the order of presentation of species. Consider two
species of similar growth habit, with the one of higher rank having greater variability and not significantly
different from one or more existing groups. The species of lower rank may be significantly different from
all existing groups and become the founding species of a new group, but the similarity of the two would not
be examined.
A two stage approach was used to overcome this problem. The first stage identified the number of groups
required and their founding species by comparing incoming species with founding species of higher rank,
as above. This stage should not be subjectively pre-empted. The present study determined that the species
ranked 186 with only 13 increment observations was significantly different from all 40 founding species of
higher rank. The second stage involved comparing each non-founding species with each founding species,
and grouping the most similar. The order of presentation was irrelevant for comparisons based only on the
founding species, but was significant where comparisons were based on all species within a group. Thus
comparisons were made both in order of rank, and in order of similarity after comparing all possible pairs
and combining the most similar first. Four criteria were examined:
— the error mean square derived from estimating increments for the incoming species from the
existing equation for the group,
— the change in residual sum of squares,
— the F-statistic, and
— the probability of the F-statistic.
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TABLE 2. Comparison of Species Groupings — Stage 2
Similarity Number Maximum Minimum
Criterion of Species in Observations r2
Groups any Group in any Group
Founding Species only
Error Mean Square 41 14 13 .497
Change in RSS 41 197 70 .441
F-statistic 41 53 70 .456
Probability 41 58 13 .455
All species in group — order of rank
Error Mean Square 41 16 13 .497
Change in RSS 41 11 325 .499
F-statistic 41 12 122 .494
Probability 41 20 314 .478
All species in group — rev erse order of rank
Error Mean Square 41 14 13 .496
Change in RSS 41 14 220 .493
F-statistic 41 14 155 .495
Probability 41 16 218 .487
All species in group — order of similarity
Error Mean Square 41 13 13 .496
Partial RMS 41 22 107 .498
F-statistic 41 33 84 .487
Probability 41 11 148 .489
Ungrouped 237 1 1 .507
The analysis aggregating on order of similarity employed the partial residual mean square instead of the
residual sum of squares (as in stage 1) to accommodate incoming species with widely differing numbers of
observations, and avoid biassed assessment of similarity for groups with many observations. Consider an
incoming species with few observations, equally different (i.e. same RSS) from two groups with different
numbers of observations. If the RMS is derived from the total degrees of freedom, rather than adjusted by
the number of observations for the incoming species, similarity will be biassed toward the group with more
observations. Thus the partial residual mean square was computed as the change in residual sum of squares
divided by the number of observations for the incoming species, and provides the same outcome as RSS for
other approaches to aggregation.
The results of this analysis are summarized in Table 2. One approach was outstanding in respect of all
three statistics. This approach used RSS as the criterion and comparing ungrouped species in order of rank
with all species in the group (not just the founding species). It ensured that no group contained more than
11 species; the smallest group had sufficient data to provide reasonable parameter estimates; and it
produced fewer apparently anomalous groupings.
Thus the final approach used to group species involved the following steps:
• Ranking species in order of increasing number of observations, with the miscellaneous group assigned
lowest rank.
• Assigning the species of highest rank the founding species of group 1.
• For each species in decreasing order of rank, conducting pairwise F-tests with the founding species of
higher rank. If the incoming species is significantly different (p<0.01) from all existing founding
species, it becomes the founding species of a new group. Species not significantly different from all
founding species remain ungrouped.
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• After identifying all founding species, those species remaining ungrouped are compared, in order of
rank, with all existing groups, and grouped with the most similar group. Similarity is determined as
that grouping which leads to the smallest increase in residual sum squares when the incoming species
is amalgamated with the group. These comparisons are made with the whole group, not just the
founding species.
• Finally, a pairwise comparison of all the resulting groups confirmed that they were all significantly
different. It is not necessary that these groups differ significantly. It is possible that the between
species variation inflates the within group variance more than is compensated for by the increased
degrees of freedom, so that not all groups need be significantly different. Despite this, it is probably
appropriate that any such groups not be aggregated, as at least one species in each group is known to
differ significantly from at least one species in every other group.
This approach overcomes many of the difficulties associated with the alternatives discussed above, and is
computationally efficient. Instead of a comparison of all possible pairs, initial comparisons are made
between species with many data, reliable parameter estimates and homogeneous variance. Species with
few data are only later compared with one of these major groups. It also avoids Leech’s et al (1988) need
to arbitrarily select a subset of the more numerous species to define the groups. This selection is by no
means intuitive as in this study the species ranked 186 with only 13 observations initiated a new group.
The present approach provides an objective basis for aggregating specaes, and empirical trials with
subjective assessment of the outcome, suggest that it provides a grouping more sensible than the several
alternatives examined. There is, unfortunately, no guarantee that the outcome is optimal.
Results
This analysis produced 41 species groups. Fewer species groups may have been more informative in
revealing ecological affinities of tree species, and would have provided a more parsimonious growth model.
However, as stage 1 of the analysis identified 41 species with significantly different increment patterns, any
grouping with fewer than 41 groups would aggregate some of these significantly different species into the
one group. Fortunately the number of groups does not detract from the utility of the grouping for growth
forecasting, as computer-based growth models can readily accommodate any number of growth equations.
The final number of groups depends upon the significance level used. Increasing the probability to 0.05
increases the number of groups to 62, while decreasing it to 0.001 decreases the number of groups to 27.
The number of parameters in the prediction equation also influences the number of groups; fewer
parameters lead to fewer groups.
The group numbering reflects the amount of data available for the founding species of the group, and in no
way implies any silvicultural preference or relative growth rate. The resulting groups reflect similarity of
diameter increment pattern, and do not necessarily have ecological significance. Pioneer and gap
colonizing species are not confined to a single group, but occur in several groups (e.g. Alphitonia in Groups
15 and 20, Macaranga and Omalanthus in 22 and Dendrocnide in 33). Some groups contain both light
demanding and shade tolerant species (e.g. Eucalyptus and Blepharocarya in Group 3). Group 19 contains
Agathis, which commonly occurs as a large emergent tree, and Polyscias which is more commonly found as
a smaller tree in the understorey. Howev er, the specific equations for the species comprising this group are
quite similar (Figure 1) within the range of data available.
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Figure 1. Diameter Increment Patterns for Group 19
Under good (SQ=7, BA=20, OBA=4) and poor (SQ=4, BA=40, OBA=32) conditions
Figure 2 shows the diversity of growth patterns predicted for several groups. These Figures provide a
simplistic view, as it is unrealistic to assume that both small and large trees share the same overtopping
basal area. The relativities between groups may change for varying site quality and basal area. The growth
of some groups is little influenced by site quality and/or basal area, while others are strongly influenced.
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Figure 2. Diversity of Increment Patterns for Different Groups
Under typical conditions (SQ=6 BA=30, OBA=15)
Conclusion
The two-stage approach using pairwise F-tests provides a simple and robust method of comparing and
aggregating species groups. Although there is no guarantee that this approach provides an optimal solution,
empirical results confirm that the outcome is near optimal.
However, the success of this depends very much upon the variance associated with each species. If the data
exhibit non-homogeneous variance, it may be preferable to rank by increasing variance rather then by
decreasing number of observations. In particular, it is critical that the species of highest rank has
sufficiently low variance that it differs significantly from at least some other species.
The resulting grouping of species is useful for growth and yield studies. The equations derived for species
groups are more robust than those for individual species, and the existence of fewer equations leads to a
more parsimonious growth model.
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